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Abstract
Three dimensional stress analysis of bonded socket joints with laminated FRP composite pipes as adherends has been carried out
in the present research. Influence of internal pressure conditions which are most commonly experienced during flow of various
fluids, has been taken into account in the present investigation. Finite Element Method (FEM) based modelling and simulation
techniques developed in the present study is capable of carrying out a detailed study of three-dimensional stresses along with
fracture analysis of the bonded joint. Tsai-Wu coupled stress criteria have revealed that, free edges of adhrend-adhesive
interfaces are vulnerable to adhesion failure under the influence of pressure. Finally, a suitable stacking sequence has been
suggested leading to improved fracture resistance at the bonded joint.
© 2016 The Authors. Published by Elsevier Ltd.
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1. Introduction
Fibre-reinforced polymer (FRP) composite materials possess many appealing qualities, e.g. high strength to-
weight ratio and good corrosion resistance, which single them out for use in the aerospace, offshore oil and gas, and
chemical and petrochemical industries. Composite piping systems have been rigorously investigated for their
potential development as next-generation infrastructures for those industries. Joint introduction is inevitable in most
composite piping systems. Many factors dictate the choice of joining technique and material used to join composite
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pipes including pipe material, the extent of elbows and other geometrical factors, and the everyday purpose of the
piping system. The system response to component service life and the adaptability of the overall piping system must
be optimized in order to realize more prolific industrial use, especially under the environmental conditions and with
the working fluids that these systems will undoubtedly be exposed to. Increased study into joining techniques is
crucial to effectively manage component repairs as well as carrying out upgrades and expansions of composite
piping systems, thereby elevating the reliability of operation and repair of these systems to a level commiserate with
industrial requirements. FRPs have been used extensively and successfully in joining composite pipes. The
performance of the joint ultimately depends on the effectiveness of the adhesive used to bind the joint and join the
pipes. The formation of an adhesive can be represented in two stages First, the liquid adhesive spreads over the
substrate and the joint, or weld, material. Secondly, the adhesive hardens and its ability to transfer service loads
through the substrate and joint material is quantified through direct use. This hardening can be initiated either by
chemical processes or polymerization, the latter being preferred in high-performance adhesion. Knowledge of the
polymerization process is key when attempting to affect an increase in the reliability of a composite piping system
that has joints because the mechanical properties of the joined piping system will depend on the extent of the
adhesive cure along with the nature of the monomer. With the advancement of adhesive materials and techniques in
adhesive bonding in the past decades, a number of adhesively bonded joint systems have been increasingly applied
in engineering structures, such as the single-lap joint, single-strap joint, double lap joint and pipe joint in aeronautics,
automotive, civil engineering structures etc. Finite Element Analysis (FEM) based design of bonded socket joints
made with laminated FRP composite pipes as adherends has been the primary focus of the present research.
Influence of internal pressure and axial loading conditions which are most commonly experienced during flow of
various fluids, has been taken into account in the present investigation.
2. Specimen geometry and boundary conditions
The geometry, configuration, loading and boundary conditions of the bonded Tubular Socket Joint (TSJ)
specimen has been taken from the work of Esmaeel and Taheri [1] and have been shown in Fig. 1. Two Gr/E [0]4
laminated FRP composite tubes have been used as adherends. Both the adherends are similar with respect to length,
thickness, and properties. The material properties along with strength values for adhesive and adherends have been
given in Table 1. The two tubes have been joined through a thin layer of adhesive (epoxy) as shown in the Fig. 1.
The bonded TSJ have been subjected to an internal pressure of 10 MPa at the joint region as well as an axial pressure
of 10 Mpa at the free edge. As per the conclusions made by Das and Pradhan [2] a zero gap has been considered in
the present analysis. Overlap length/socket length (L0) and adhesive thickness (ta) have been considered as the joint
parameters which need to be optimized for improved performance of the bonded TSJ under influence of axial and
circumferential pressure loading. In search for the optimized joint parameters, the overlap length/socket length (L0)
has been varied from 20 mm to 45 mm. Similarly the adhesive thickness (ta) has been varied from 0.1 to 1 mm
thickness in the present investigation. However, during the starting of the analysis an overlap/socket length of 20
mm and an adhesive thickness of 0.1 mm has been considered.
2.1. Finite element modeling
The bonded TSJ has been modelled using the FE codes of ANSYS 14.0. The FE mesh of the bonded TSJ
specimen has been shown in Fig. 1. SOLID BRICK 8-node 185 elements of ANSYS FE package have been used for
modelling both the FRP composite adherends/socket and the epoxy adhesive layer. These elements provide the
advantage of simulating both structural and layered elements. A very fine mesh has been adopted to take care of
high stress gradients at the free edges of the joint. The element size in the overlap region has been considered to be 1
parts × 120 parts × 125 parts for both the adherend and adhesive layer. However for the portion of the tubular
adherends laying outside the overlap region a comparatively coarse mesh has been adopted. For better results the
meshing pattern has been made comparatively finer towards the joint and course towards the free and fixed edges
which has already shown in Fig. 1.
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Fig. 1. Specimen geometry and boundary conditions of the bonded socket joint along with different interfaces at the joint region.
Table 1. Graphite/epoxy FRP composite lamina and epoxy adhesive material properties
Material constants: Strengths:
T300/934
Graphite/Epoxy FRP
composite adherend:
Epoxy adhesive:
Ez = 127.5 GPa, E = 9 GPa,
Er = 4.8 GPa
r = rz = 0.28, z = 0.41
Gr = Grz = 4.8 GPa,
G z = 2.55 GPa
E = 2.8 GPa, = 0.4
ZT = 1586 MPa,
ZC =1517MPa
T = C = 80 MPa,
RT = RC = 49 MPa
S r = Szr = 2.55
MPa,YT = 65 MP YC =8
84.5 MPa
In order to validate the FE modelling and simulation technique developed for the bonded TSJ, analytical results
by Zou and Taheri [3] have been reconsidered in the present analysis. Shear stress results calculated at the adhesive
mid-layer of a bonded TSJ made with isotropic (steel-steel and Aluminium-Aluminium) adherends and sockets and
subjected to a torsional loading has been regenerated. The comparison has been shown through Fig. 3 and 4
Excellent agreement has been observed between the numerical and analytical results which validated the modelling
and simulation techniques developed for the bonded TSJ (Figs. 3 and 4). Hence, the FE modelling and simulation
technique developed in the present investigation has been validated and adopted suitably for the entire analysis.
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Fig. 2. Finite Element Mesh of the bonded Tubular Socket Joint along with zoomed view of the meshing pattern around the joint region.
(a) (b)
Fig. 3. FE model validationfor bonded TSJ: (a) present numerical result (b) analytical results by Zou and taheri (steel-steel lap joint subjeted to
torsion).
(a) (b)
Fig. 4. FE model validationfor bonded TSJ: (a) present numerical result (b) analytical results by Zou and taheri (Aluminiuml-Aluminium socket
joint subjeted to torsion).
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3. Results and Discussion
In the present analysis the out-of-plane shear and normal stresses ( rr, r, zr) have been assumed to be playing a
major role towards initiation of adhesion and cohesion failures (Das and Pradhan [2]). Hence during stress analysis
within the joint region only these stresses have been considered in all the bondline interfaces. Based on maximum
magnitude of stress concentration effects and failure index magnitudes at different bondline interfaces, the critical
bondline interface has been identified. Then the joint parameters (L0, ta) have been optimized based minimizing the
magnitudes of maximum failure index values corresponding to the critical bondline interface. As it has already been
observed that three dimensional stresses are symmetric in nature, hence two-dimensional stress profiles have been
considered corresponding to nodes: Z = -10 mm to + 10 mm and  = 00.
3.1. Stress and failure analysis within the joint region
3.1.1. Stress analysis
Peel stress ( r) variations in all the bondline interfaces (Fig. 5 (a)) have been observed to be symmetric about the
mid-plane of overlap/socket length (L0 = 0). Peel stresses have been observed to be concentrated near the adherend
junction and free edges of the overlap length. It has been reducing drastically and remains constant over most of the
portions of the overlap region.
a b
c
Fig..5. Out-of-plane stress distributions at different bondline interfaces of the bonded TSJ subjected to axial and circumferential pressure
loadings.
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However, maximum peel stress values are attained at the adherend junction of the coupling region for all the
bondline interfaces. Maximum peel stress concentration has been seen at the adhesive mid-layer as compared to
other bondline interfaces. Circumferential-radial shear stress ( r) has been observed to be significantly smaller in
magnitude as compared to other two stresses (Fig. 5 (b)). Hence, it is least important from the initiation of adhesion
failure point of view. The circumferential-radial shear stresses ( r) have been observed to be concentrated near the
adherend junction and free edges of the overlap length. It has been reducing drastically and remains constant over
most of the portions of the overlap region. However, maximum circumferential-radial shear stresses ( r) values
have been attained at the free edges of the coupling region for all the bondline interfaces. Maximum circumferential-
radial shear stresses ( r) concentration has been seen at the adhesive mid-layer as compared to other bondline
interfaces.
Similarly the axial-radial shear stress ( zr) has been observed to be concentrated near the adherend junction and
free edges of the overlap length. It has been reducing drastically and remains constant over most of the portions of
the overlap region. However, maximum axial-radial shear stress ( zr) values have been attained at the adherend
junction for all the bondline interfaces. Maximum axial-radial shear stress ( zr) concentration has been seen at the
adhesive mid-layer as compared to other bondline interfaces
3.1.2. Failure analysis
Stress analysis reveals the adhesive mid-layer to be the critical bondline interface (Fig. 6). However, based on the
failure index values over different bondline interfaces (Fig. 6) it can be can be concluded that the inner adherend-
adhesive is the critical bondline interface prone to undergo adhesion failure at locations towards the adherend
junction. This again indicates that stress analysis alone is insufficient to predict the failure prone regions.
Fig. 6. Failure index distributions at different bondline interfaces of the bonded TSJ subjected to axial and circumferential pressure loadings.
Stress concentration regions are not necessarily the failure prone regions. The failure index based predictions of
failure prone regions are deviating from the stress analysis based predictions. This may be happening as the different
failure criteria take the strength data also into account. The Failure criteria adopted for adhesion failure in the
present study is a principal stress based criteria, whereas the failure criterion for adhesion failure is a stress based
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criteria. That is the reason why it is better to verify these results experimentally, which is a suture scope of this
work.
3.2. Design of the bonded joint
Based on the combined stress and failure analysis within the joint region it has been revealed that the inner
adherend-adhesive is prone to fail through adhesion failure at the adherend junctions. Hence in search for optimized
joint parameters which will reduce the chances of failure at the critical bondline interface, the overlap length/socket
length (L0) has been varied from 20 mm to 45 mm. The optimized overlap length has been decided based on
minimum Tsai-wu criteria based failure index values at the critical bondline interface. Then considering the
optimized failure index value adhesive thickness (ta) has been varied from 0.1 to 1 mm thickness. The optimized
adhesive thickness has also been decided based on the minimum Tsai-wu criteria based failure index values at the
critical bondline interface. It has been observed that as we increase the overlap length the peak value of failure index
at the critical bondline interface keep on reducing and finally become constant beyond L0 = 40 mm (Fig. 7(a)).
Hence the optimized overlap/socket length has been considered to be 40 mm in the present investigation. There after
the adhesive thickness has been varied accordingly considering the optimized overlap length. It has been observed
that the peak failure index values at the critical bondline interface have been reducing accordingly with the increase
in the adhesive thickness. It finally gets stabilized for an adhesive thickness of 0.7 mm (Fig. 7 (b)). Hence the
optimized joint parameters have been decided to be L0 = 40 mm, and ta = 0.7 mm.
(a) (b)
Fig. 7. Optimization of joint parameters: (a) optimized overlap/socket length (b) optimized adhesive thickness.
4. Summary and Conclusions
A laminated FRP composite made bonded TSJ subjected to internal pressure (10 MPa) and axial tensile loading
(10 MPa) has been analyzed through finite element method. The FE codes developed through ANSYS APDL could
suitable take care of the three dimensional stress profile evaluations within the joint region. Tsai-wu and Parabolic
yield criteria have been implemented to identify the adhesion and cohesion failure prone regions within the bonded
joint region. Critical bondline interface has been identified within the joint region based on combined stress and
failure analysis. Finally the optimized joint parameters have been decided based on minimization of peak failure
index values at the critical bondline interface.
The salient conclusions have been enlisted below.
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• Adhesive mid-layer has been identified to be the critical bondline interface having stress concentration
regions at the adherend junction of the bonded TSJ.
• Based on failure index magnitudes the inner adherend-adhesive interface has been identified to be the
critical bondline interface prone to undergo adhesion failure at the adherend junction.
• The optimized joint parameters have been decided to be overlap/socket length (L0) is 40 mm, and the
adhesive thickness (ta) is 0.7 mm which is expected to provide a better joint performance against stress
concentration and failure.
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